Abstract. Curcumin (diferuloylmethane), which is obtained from turmeric, the rhizome of Curcuma longa (L.), inhibits many human cancer cells. However, the molecular mechanisms responsible for curcumin-induced endoplasmic reticulum stress in human hepatic cellular carcinoma J5 cells, are not yet clearly understood. J5 cells were treated with various concentrations of curcumin for different durations. The cell viability was detected by MTT assay. The protein expressions of caspase-12, ATF6, GADD153, Calnexin, Calreticulin, PDI and Ero1-L·, which are associated with endoplasmic reticulum stress and the unfolding protein response pathway, were examined by Western blot analysis. The cell cycle was analyzed by flow cytometry. The protein expressions of TCTP, Mcl-1, Bcl-2 and Bax, which are related to mitochondrial dysfunction, were detected by Western blot analysis. We also detected the ATF6 protein location by immunocytochemistry. The results showed that curcumin inhibits the proliferation of J5 cells in a time-and dose-dependent manner. Curcumin induced the unfolding protein response by down-regulating the protein expressions of Calnexin, PDI and Ero1-L· and up-regulating the Calreticulin expression. Curcumin induces the GADD153 expression by cleaving caspase-12 and ATF6, and then by translocating ATF6 to the nucleus. Curcumin also down-regulates the protein expressions of TCTP, Mcl-1 and Bcl-2, in order to induce mitochondrial dysfunction. Curcumin induced cell cycle arrest at the G2/M phase by decreasing the Cdc2 expression. In conclusion, the present study showed that curcumin inhibits the proliferation of J5 cells by inducing endoplasmic reticulum stress and mitochondrial dysfunction.
Introduction
Curcumin [1, 7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione], is extracted from the plant, Curcuma longa. It is well documented that curcumin induces apoptosis through the death receptor mediated pathway and mitochondrial dysfunction (1, 2) , and also induces DNA damage response by cleaving caspase-3 (3). In addition, curcumin induces cell cycle arrest by down-regulating the protein expression of cdc2 (4) . The activation of endoplasmic reticulum (ER) stress in cancer therapy has been well documented. Upstream elements such as the protein kinase RNA (PKR)-like ER kinase (PERK), the inositol-requiring protein-1 (IRE1), the activating transcription factor-6 (ATF6) or caspase-12, were activated. Then the target proteins such as the C/EBP-homologous protein (CHOP; also known as GADD153), the ER chaperones, Bip and the glucose-regulated protein 94 (GRP94), were up-regulated (5) . Curcumin induces significant endoplasmic reticulum stress in lung cancer cells (A549), as has been previously documented (6) . The curcumin-induced ER stress was evident by the upregulation of survival molecules such as phosphorylated PERK and eIF2·, Bip, and apoptotic molecules such as caspase-4 and GADD153 (7) . ER stress is one of the molecular mechanisms inducing cell death. The overexpression of GADD153 represents a new strategy for cancer therapy (8) . The anti-cancer effects of curcumin have been documented in many cancers. However, the molecular mechanisms responsible for curcumin-induced endoplasmic reticulum stress and unfolding protein response, are not yet clearly understood. In the present study, we investigated the molecular mechanisms responsible for curcumin's ability to decrease the expression of the folding proteins and then induce ER stress and mitochondrial dysfunction in hepatocellular carcinoma J5 cells. (9) . The J5 cells were maintained in RPMI-1640 medium containing 10% FBS, 1% penicillinstreptomycin (10,000 U/ml penicillin, 10 mg/ml streptomycin) at 37˚C in a humidified atmosphere containing 5% CO 2 (10) .
Materials and methods

Chemicals
Cell proliferation assay. The J5 cells were plated in 96-well plates at a density of 2x10 4 cells/well and allowed to adhere and grow for 24 h. The medium was then replaced with 100 μl/ well of fresh medium containing various concentrations of Curcumin (0, 3, 6, 15, 30 and 60 μM) and the cells were cultured for different durations (24 and 48 h). Then, 100 μl of 1 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were added, and the cells were incubated for 2 h at 37˚C. Subsequently, the medium was removed and 100 μl DMSO was added to the wells. The absorbance was measured using an ELISA plate reader at 590 nm. Data were calculated as the percentage of proliferation using the following formula: Proliferation (%) = (OD test -OD blank ) x 100, where OD test and OD blank are the optical densities of the test substances and the blank controls, respectively (11) . A buffer, Intron). After incubation on ice for 40 min, the cell lysates were centrifuged and the supernatants were collected. The protein concentration of the samples was determined by Bradford assay (Bio-Rad, Hercules, CA, USA) (12).
Western blotting. Western blot analysis was conducted using antibodies (Abs) against caspase-3, Cdc25c, Cdc2, caspase-12, ATF6, GADD153, TCTP, Mcl-1, Bcl-2, Calreticulin, Calnexin, PDI and Ero1-L·. ß-actin was used as the internal control to determine loading efficiency. Protein samples (containing 40 μg of protein) were separated on 10-15% SDSpolyacrylamide gels and transferred to immobilon polyvinylidene difluoride membranes (Millipore). The membranes were incubated in TBST buffer [0.1 M Tris-HCl (pH 7.4), 0.9% NaCl, 0.1% Tween-20] supplemented with 5% dry non-fat milk for 1 h to block non-specific binding. After incubation with the primary Abs, the membranes were washed thrice with TBST buffer followed by incubation with the appropriate streptavidin-HRP-conjugated secondary Abs. The immunoreactive bands were visualized using an enhanced chemiluminescence (Millipore) detection kit. Immunoreactive bands were scanned (GS-800; Bio-Rad) and analyzed by using a digital scanning densitometer (Quantity One, v4.4.0; Bio-Rad) (13) . 
Results
Cytotoxicity of curcumin in J5 cells.
The results showed that curcumin inhibits the proliferation of human hepatocellular carcinoma J5 cells in a time-and dose-dependent manner (Fig. 1A) for 48 h, respectively. During curcumin treatment for 24 h, the half-maximum inhibitory concentration (IC 50 ) was 29.07 μM, and the maximum inhibition of cell growth (>75%) was obtained at 19.17 μM. During curcumin treatment for 48 h, the IC 50 was 22.95 μM, and the maximum inhibition of cell growth (>75%) was obtained at 16.98 μM.
Curcumin induces morphological changes and increases caspase-3 expression in J5 cells.
The morphological effects of curcumin in the J5 cells were first determined by morphological assay. The HCC J5 cells were treated with various concentrations of curcumin (0, 15, 30 and 60 μM) for 24 h, and were then observed under a light microscope (Fig. 1B) . The J5 cells morphology was changed to a rough surface with fragment chromosomes and the suspensions were identified as apoptotic cells. It is also evident from our results, that J5 cells treated with various concentrations of curcumin (0, 15, 30 and 60 μM) for 24 h, had an increased protein expression of caspase-3, as was shown by Western blot analysis (Fig. 1C) . These results also showed that curcumin induced apoptosis.
Curcumin induces cell cycle arrest at the G2/M phase. Our results showed that J5 cells treated with various concentra- Fig. 2A and B) . We also detected the cell cycle associated protein expression .It is also evident from our results, that J5 cells treated with various concentrations of curcumin (0, 15, 30 and 60 μM) for 24 h, had a decreased Cdc2 but increased P53 and P21 protein expression, as was shown by Western blot analysis (Fig 2C) .
Curcumin induces ER stress through caspase-12 and ATF6
in J5 cells. Our results showed that J5 cells treated with various concentrations of Curcumin (0, 15, 30 and 60 μM) for 24 h, had a cleaved pro-caspase-12 and an up-regulated ATF6 expression. Curcumin then stimulated the downstream GADD153 increase in the J5 cells (Fig. 3A) . Curcumin induced high levels of GADD153 and then translocated ATF6 to the nucleus (Fig. 3B) . Our results also showed that when the J5 cells were treated with various concentrations of Curcumin (0, 15, 30 and 60 μM) for 24 h, the expression of the folding-associated proteins, Calnexin, Ero1-L· and PDI, was decreased, but the protein expression of Calreticulin was increased (Fig. 4) . These results suggest that Curcumin inhibits the folding-associated proteins and induces ER stress in J5 cells.
Curcumin induces apoptosis through mitochondrial dysfunction.
Our results showed that J5 cells treated with various concentration of curcumin (0, 15, 30 and 60 μM), had a decreased protein expression of TCTP, Mcl-1 and Bcl -2, and an increased Bax expression (Fig. 5) . Bcl-2 played a key role in regulating the function of mitochondria (14, 15) . These results suggest that curcumin inhibits TCTP and destroys the function of mitochondria in J5 cells.
Discussion
Our results showed that curcumin inhibits the proliferation of J5 cells in a time-and dose-dependent manner. In addition, Curcumin increased the protein expression of caspase-3. These results are in agreement with those from other studies, showing that curcumin induces apoptosis and inhibits the proliferation in hepatocellular carcinoma cell lines, such as Hep G2, Hep 3B and HL-7702 (16). Our results also showed that curcumin induced cell cycle arrest at the G2/M phase by decreasing the Cdc2 expression. ER stress is one of the molecular mechanisms responsible for curcumin-induced apoptosis (6) . The unfolding protein response (UPR) is regulated by Bip and GADD153 (17) . When UPR exceeds the threshold, damaged cells are committed to apoptosis through the ATF6 mediated GADD153 signaling pathway. Our results showed that curcumin induced ER stress in the J5 cells, by increasing the protein expressions of caspase-12, ATF6 and GADD153, and then GADD153 translocated to the nucleus (Fig. 6) . It has been well documented that GADD153 suppresses Bcl-2 expression (17,18). Mcl-1 regulated by TCTP, inhibits ER stress-induced apoptosis (19, 20) . In the present study, curcumin induced mitochondrial dysfunction by decreasing the expressions of TCTP, Mcl-1 and Bcl-2.
UPR is one of the cellular stress responses. It is activated in response to an accumulation of unfolding or misfolding proteins in the endoplasmic reticulum. J5 cells treated with curcumin had a decreased Calnexin protein expression and an increased Calreticulin expression. It has been well documented that Calreticulin exposure induces cancer cell death (21) (22) (23) . DNA damage decreases the protein expression of PDI and Ero1-L· (the human homolog of Ero1p) in the endoplasmic reticulum (24) (25) (26) . Our results also showed that curcumin decreased the protein expression of PDI and Ero1-L· in J5 cells. In conclusion, our study showed that curcumin induced UPR through the down-regulation of the chaperones and folding proteins (Bip, Calnexin, PDI and Ero1-L·). Curcumin also increased the GADD153 expression by up-regulating the protein expressions of caspase-12 and ATF6. GADD153 induced mitochondrial dysfunction by down-regulating the protein expressions of TCTP, Mcl-1 and Bcl-2. In addition, curcumin caused DNA damage response, and thus cell cycle arrest at the G2/M phase by downregulating the Cdc2 expression.
